There has been much interest in constructing ratiometric sensors using different sensing techniques because of their synergistic effect, although the simultaneous collection of the signals is challenging. Herein, we propose a ratiometric aptasensing strategy based on the dual-detection model with a photoelectrochemical (PEC) "signalon" and an electrochemical (EC) "signal-off". As a proof-of-concept study, CdTe quantum dots (CdTe QDs) and a methylene blue-labeled aptamer (MB-Apt) were used to generate PEC and EC signals in the sensing system. The target-induced conformational change of MB-Apt pushed MB away from the electrode, thereby decreasing the EC signal; at the same time, the reduced steric hindrance favored the restoration of the PEC signal from the CdTe QDs. Thus, this PEC-EC strategy can achieve the PEC "signal-on" and EC "signal-off" states simultaneously, as well as allowing quantitative analysis of the target based on the ratio of the current intensities. As a model application, an aptasensor fabricated for streptomycin detection showed a wide linear range from 0.03 to 100 μM with a detection limit of 10 nM (S/N = 3). The proposed sensing platform displayed superior analytical properties compared with methods based on PEC or EC alone. Our work provides an efficient dual-detection modelbased ratiometric strategy for advanced analysis, and paves the way to the simultaneous acquisition of signals.
Introduction
Ratiometric aptasensing has attracted extensive attention for advanced analysis owing to its superior sensitivity, selectivity and reliability [1] . A ratiometric sensor produces two separated signals and uses their ratio to eliminate interference factors via the built-in self-calibration strategy [2, 3] . Among various state-of-the-art ratiometric aptasensors based on fluorescence (FL) [4] , electrochemistry (EC) [5] , surface-enhanced Raman scattering (SERS) [6] , electrochemiluminescence (ECL) [7] and photoelectrochemistry (PEC) [8] , the EC-based ratiometric aptasensors have exhibited better analytical performance, as measured by factors such as response time and sensitivity. In addition, the interface that plays a significant role in producing target-dependent ratiometric responses can be simply constructed using two EC-active probes. For example, in a pioneering work, self-designed ferrocene (Fc) and methylene blue (MB) labeled DNA were used to generate ratiometric signals through target-induced conformational change [9] . Since EC probes have different redox potentials, the dual signals of a ratiometric EC aptasensor can be collected simultaneously via many voltammetric techniques, including differential pulse voltammetry. Recently, novel substrate materials and signal amplification strategies have been employed to enhance the analytical performance of ratiometric EC aptasensors, leading to rapid development of this field. Nevertheless, each technique, including EC, has its shortcomings, which significantly limit the application of these sensing devices. To overcome these limitations, the rational design of analytical strategies to produce synergistic effects between different sensing techniques opens a new avenue for ratiometric sensor development.
In this regard, a dual-channel sensing technique based on two signal transducers, such as ECL-FL [10] , EC-FL [11] or ECL-EC [12] , has emerged as an attractive strategy for the fabrication of high-performance ratiometric sensors. Recent investigations have revealed that the dual-channel sensing technique could empower the inherent characteristics of each transducer, as well as efficiently improving the reliability and accuracy of the analysis [13] . Additionally, more information about target recognition can be obtained. Feng et al. proposed an ultrasensitive ratiometric aptasensor for microRNAs based on an ECL-EC strategy, in which the target-triggered conformational change of the aptamer induced the EC "signal-off" while the ECL system displayed "signal-on" [14] . The study of dual-channel sensing techniques is currently still in its infancy, and thus novel strategies for extending ratiometric sensing applications are highly desirable.
Compared with EC, the PEC technique has a relatively lower background and favorable sensitivity [15] [16] [17] . PEC aptasensing has become an important method for bioanalysis because it combines the advantages of PEC bioanalysis with the unique properties of aptamers, and considerable progress has been made in this field in past years [18] . Furthermore, integrating the PEC technique into a ratiometric strategy can eliminate interference factors, such as fluctuation of light intensity, leading to enhanced analytical reliability and sensitivity [19] [20] [21] . However, the routine approach to constructing a ratiometric EC sensor is not applicable to PEC-based sensors. More specifically, PEC sensors are incapable of collecting the signals of various different PEC active materials simultaneously [22] . A ratiometric PEC sensor producing wavelength-dependent photocurrents has been proposed; this employed a hybrid electrode with CdS quantum dots (QDs) and MB, while potentiometric-resolved ratiometric sensing was achieved using BiPO 4 NPs and BiPO 4 -rGO NCs with different critical voltages [23, 24] . However, special expertise and sophisticated equipment are usually required for device fabrication (e.g. dual working electrodes) or data acquisition (e.g. optical gratings) when using these techniques. For example, dualworking photoelectrodes fabricated using NaYF 4 :Yb,Er UCNPs@CdTe nanocrystals are essential to produce two independent responses for spatially-resolved ratiometric sensors [2] . Thus, it is a challenge to construct a ratiometric PEC sensor in a similar way to an EC sensor. In particular, the target-dependent and built-in reference signals are usually derived from different sensing interfaces (PEC active species, etc.), whereas it would be preferable and more accurate to acquire signals induced by the same target recognition through one sensing interface.
Herein, we focused our research on exploring the PEC-EC technique to produce enhanced analytical properties. The EC-active MB was introduced into a PEC sensing interface consisting of CdTe QDs and an aptamer via the end-capping of the aptamer to eliminate the impact of steric hindrance of the aptamer at the electrode on the EC or PEC signals. As illustrated in Scheme 1, MB is expected to produce a redox EC signal at ca. −0.2 V, while the CdTe QDs continue to generate a PEC signal under illumination. In the proposed sensing platform, target-induced conformational change and subsequent stripping of the aptamer decreased the amount of MB at the electrode and reduced the EC response, while the lower steric hindrance contributed to the restoration of the PEC signal from the CdTe QDs. Taking streptomycin (STR) as a model target, a ratiometric aptasensor with a PEC (signal-on)-EC (signal-off) response model showed superior analytical properties compared with a sensor based on PEC or EC alone. The significance of this work lies in the novel and efficient strategy, which is promising for advanced analysis, and in understanding the response mechanism in the sensing interface.
Experimental

Fabrication of the aptasensor
ITO electrodes were treated with 1.0 M NaOH and sonicated in ultrapure water and alcohol. Then 10 μL CdTe QDs solution was cast onto the ITO electrode (diameter: 6 mm), and subsequently 5 μL chitosan solution was added to the electrode. The CdTe/ITO electrode was then incubated with 10 μL MB-Apt for 14 h in the dark at a temperature of 4°C. Finally, the resulting MB-Apt/CdTe/ITO electrode was rinsed thoroughly with a phosphate-buffered solution (PBS, 0.1 M, pH 7.0) to remove the unbound aptamers.
For STR analysis, a 10 μL STR solution was cast onto the electrode and incubated for 60 min, then rinsed thoroughly with 0.1 M PBS. The EC and PEC signals of the electrodes were then used for STR detection.
Sample preparation
A stock solution of STR was prepared from ultrapure water and further diluted to obtain the different concentrations of STR solution required for analysis. The real samples used in the experiment were taken from Zhenjiang, China, and pretreated as described in an earlier report [25] . The samples were filtered through a 0.22 μm cellulose membrane to remove impurities. The treated samples were diluted to obtain the desired concentrations.
More experimental details and characterization data are available in the online Supplementary Information.
Results and discussion
The feasibility of the proposed aptasensor
The proposed PEC-EC based ratiometric aptasensor was fabricated through layer-by-layer assembly (Scheme 1). To monitor the assembly process and confirm its feasibility, EC, PEC and electrochemical impedance spectroscopy (EIS) methods were used (Fig. 1) . No characteristic current signal was observed (Fig. 1A , curves a and a′) at the bare ITO with a low electronic transfer resistance (R et ) of 44 Ω (Fig. 1B , curve a). After modification with CdTe QDs, a significant PEC current (I PEC ) of 125 nA (Fig. 1A , curve b') was recorded while the corresponding value of R et (73 Ω) showed an obvious increase, due to its poor electron transfer ability (Fig. 1B, curve b) [26] . The subsequent addition of MB-Apt to the CdTe/ITO led to not only the further enlargement of R et (138 Ω) (Fig. 1B, curve c) but also a significant reduction in I PEC (57 nA, Fig. 1A, curve c′) . Meanwhile, an EC current (I EC ) of 89 nA with a peak potential of −0.22 V (Fig. 1A, curve c) was observed for the MB-Apt/CdTe/ITO, which was assigned to the redox characteristics of MB [27] . Thus, the observed PEC and EC current signals as well as the gradually increasing R et demonstrate the feasibility of our proposed dual-signal output strategy.
As a model application, the proposed aptasensing platform was used for the specific recognition of STR (1 μM). The value of I EC showed a sharp decrease to 61 nA while the value of I PEC increased to 99 nA ( Fig. 1A, curve d and d′) . These changes in the signals resulted from the reduced amount of MB and steric hindrance due to the stripping of MB-Apt, which was demonstrated by the lower value of R et (Fig. 1B, curve  d) [28] . Thus, our proposed aptasensor displayed the "signal-off" EC response and the "signal-on" PEC response in the presence of STR, and the ratio of the intensities of I PEC and I EC could be used for quantitative analysis with high selectivity.
Optimization of experimental conditions
The experimental conditions, including the incubation time of MB-Apt and the reaction time for STR with MB-Apt, were optimized to obtain the best results (Fig. 2) . To evaluate the optimal incubation time, I EC and I PEC were recorded at the CdTe/ITO after incubation with MB-Apt. There was no significant increase in I EC (decrease in I PEC ) after 14 h of incubation time due to saturation of the active sites on MB-Apt [29] . Therefore, 14 h was chosen as the optimal time for MB-Apt incubation ( Fig. 2A) .
To investigate the effect of STR reaction time on the aptasensor response, I EC and I PEC were recorded at the MB-Apt/CdTe/ITO after incubation with STR. Clearly, the change in I PEC increased (I EC decreased) when the interaction time was between 20 and 50 min and then reached a plateau after 60 min, indicating that 60 min was the optimal reaction time within the operating range (Fig. 2B ).
Analytical performance of the proposed aptasensor
Under the optimal conditions, the analytical properties of the proposed PEC-EC ratiometric aptasensor were evaluated by detecting X. Shen, et al.
Electrochemistry Communications 110 (2020) 106637 standard samples of STR at different concentrations. As the concentration of STR (C STR ) increased, the I EC gradually decreased and the I PEC increased (Fig. 3A) . Their intensities showed a well-behaved linear relationship with the logarithmic values of C STR in the range 0.10 Μm-1.0 μM for PEC and 0.03 Μm-10 μM for EC ( Fig. 3B) . Furthermore, the limit of detection (LOD, S/N = 3) for PEC and EC were calculated to be 0.03 μM and 0.01 μM, respectively. The PEC and EC responses toward each C STR are shown in Fig. 3C , which indicates that the trend in the dual-signal changes clearly with the increase in C STR . Fig. 3D reveals the linear relationship between the value of I PEC /I EC and the logarithm of C STR from 0.03 μM to 100 μM (I PEC /I EC = 6.24 + 0.76logC STR , correlation coefficient (R 2 ): 0.9991); the obtained LOD was 10 nM (S/ N = 3). Obviously, the use of a ratiometric strategy led to a significantly expanded linear range compared with PEC or EC tests alone. The selectivity of the proposed aptasensor was investigated by detecting STR in the presence of some other antibiotics, including CIP, KAN, and GEN. Although the aptasensor showed a slight signal change for each interferent (10 μM), remarkable responses were observed for STR (1 μM) or mixtures of STR and different interferents, revealing the specificity of the aptasensor toward STR (Fig. 4A) . Additionally, the reproducibility of the electrode used in the ratiometric aptasensor was studied by testing with six different electrodes. The relative standard deviation (RSD) was calculated to be 1.40%, which is satisfactory for practical applications (Fig. 4B) . 
Conclusions
In summary, a novel ratiometric sensing strategy was developed by combining PEC and EC techniques. A proof-to-concept sensing platform was fabricated using CdTe QDs and MB-Apt of STR to assemble a dualsignal response interface. For STR analysis, the proposed PEC-EC-based ratiometric aptasensor showed significantly enhanced properties compared with those based on the PEC or EC method alone, revealing its potential for advanced analysis. Additionally, the aptasensor has been successfully used to detect STR in real samples, including tap water and Yangtze River water (see Section 1.7 and Table S2 in the Supplementary Information). Using this new strategy, the dual-detection responses, which are PEC "signal-on" and EC "signal-off", operated simultaneously for target recognition, however, the PEC and EC signals were collected separately. Further work is therefore underway to achieve the simultaneous acquisition of multiple signals, which will provide new opportunities for the accurate and sensitive detection of target molecules. 
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